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Abstract. In recent years, advanced high strength steels (AHSS) have been used in a wide range of 
automotive applications; they may have property variations through the thickness and the properties 
may also be dependent of prior processing including pre-straining. In order to model forming 
processes precisely using, for example, finite element analysis, it is important that material input data 
should adequately reflect these effects. It is known that shape defects in roll forming are related to 
small strains in material that has undergone prior deformation in a different strain path.   
Much research has already been performed on the change in the Young’s Modulus once a steel sheet 
has been plastically deformed,however many of these tests have only been conducted using tensile 
testing, and therefore may not take into account differences in compressive and tensile unloading.  
This research investigates the effect of tensile pre-straining on bending behaviour for various types of 
material;in bending, one half of the sheet will load and unload in compression and hence experience 
deformation under a reversed stress.  
 Four different materials were pre-strained in tension with 1%, 3%, 7%, 11% and 25% 
elongation. Using a free bending test, moment curvature diagrams were obtained for bending and 
unloading. The results showed that the characteristics of the moment curvature diagram depended on 
the degree of pre-straining; more highly strained samples showed an earlier elastic-plastic 
transformation and a decreased Young's Modulus during unloading. This was compared to previous 
literature results using only tensile tests. Our results could influence the modeling of springback in 
low tension sheet operations, such as roll forming.  
Introduction 
Increasing emission regulations and a desire to make vehicles more environmentally friendly 
has prompted the search for AHSS for weight reduction in vehicle structures.The higher strength of 
the material generally increases the springback of a stamped part.  Traditionally, springback has been 
decreased by increasing the sheet tension, however, in the last decade die compensation techniques 
have become popular [1]. This has increased the requirements for accuracy in modeling of sheet 
metal stamping for die design purposed and generated a need for improvement in material 
constitutive models [2].  One of the main components of a material model is the Young’s modulus, 
which is critical in determining the springback of a stamped part. This is particularly relevant in the 
case of the unloading or tool release phase of the stamping process.  Morestin and Boivin[3] studied 
the effect of the change in the Young’s Modulus when unloading (referred hereon as the Unloading 
Modulus) after plastic straining.  This effect has also been reported by many researchers [2, 4-6], and 
much work has been done investigating the change in the Unloading Modulus for various steels. One 
finding ofMorestin and Boivin has been overlooked in most of the subsequent work; this is that the 
magnitude and nature of the change in the Unloading Modulus was different for compressive plastic 
deformation than for tensile plastic deformation. Springback is a bending recovery effect that may 
involve both tensile and compressive behaviour. Most of the investigations of the change in the 
Unloading Modulus have been performed using the tensile test both to create the pre-strain and 
perform the unloading.  Therefore, there is a question whether this observation of tensile 
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behaviourwill provide accurate results of Unloading Modulus changes for cases where bending and 
hence compressive deformation occurs and also whether it permits observations applicable to small 
strain processes such as roll forming. 
This paper will determine the changing Unloading Modulus effect on a number of standard 
automotive steels (DC01, DP600, DP780, and TRIP700) using a combination of pre-strain in tension 
and then applying a bending test to monitor the Unloading Modulus.  These results will then be 
compared to those using the tensile test and other experimental arrangements. 
Experiments 
Materials. Four automotive steels were investigated in this study, a conventional deep drawing steel 
DC01, and three high strength steel grades - a DP 600, a DP 780 and a TRIP 700. The true stress strain 
curves of all steels are shown in Figure 1a).   
 
Fig. 1: a) True stress strain curves of the automotive steels tested. b) Bone shaped tensile test-pieces 
used for the automotive steels tested. c) Schematic of the pure bend test. 
 
Pre-straining in tension.The pre-straining was performed in a standard 100KN Instron tensile tester. 
The strain was measured with a non-contact video extensometer. Special bone-shaped specimens 
thathad a reduced width over a length of 80 mm (Figure 1b)) were used for pre-straining and for the 
bending tests. In this way, a constant elongation was achieved in that section of the specimen that was 
later deformed in the bending tests. All samples were stored in a freezer after pre-straining to exclude 
any effect of ageing. 
Bending test.Pure bending tests were performed (Figure 1c)) and the moment curvature (M v. 1/R) 
relationship determined. Similar bending tests were performed on the as-received materials. The test 
length was 50 mm and, depending on the individual material thickness, the samples were bent to 
different final curvatures to achieve an equal outer fiber bending strain of ߝ௕ = 0.5% for all samples. 
The bending test arrangement used in this study is described in detail in Ref. [7].  
To determine the offset yield stress and the Young`s modulus in bending and during unloading, the 
moment-curvature diagram was transformed into bending stress versus bending strain. The elastic 
behaviour of an isotropic, residual stress free strip can be determined for the outer fibre using 
equation (1) giving the bending stress σ௕ and the bending strain εୠ[8]: 
 
ߪ௕ = ଺ெ௪∙௧మandߝ௕ =
௧
ଶோ      (1) 
where the bending moment is ܯ, the material thickness ݐ, and the material width ݓ. Note, the 
stress relation in Equation (1) is valid only in the elastic regime; it is used here only when the plastic 
strain following yielding is very small and during elastic unloading. The offset yield, or proof stress in 
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tension is defined as the stress at 0.02% strain offset as illustrated in Fig. 2a); it was determined by 
finding the intersection of the bending stress-strain curve with a line that is parallel to the initial slope 
of the curve and intercepts the abscissa at 0.02% strain. The offset is smaller than the usual offset used 
in a tensile test, i.e. 0.2%, because of the different shape of the moment curvature characteristic 
compared with that in the tensile test. It may also be argued that a 0.2% offset in the tensile test gives 
a misleading interpretation of yield stress in DP steel.The Young’s Modulus and Unloading Modulus 
were calculated from the gradient of the elastic part of the curve for bending and unloading as shown 
in Figure 2b).  
 
a) b) 
Fig. 2: Bending Stress Strain diagram for DP780 (0% pre-strain) a) determination of the offset yield 
stress, YP0.02%. b) Determination of the Young`s Modulus and the Unloading Modulus for bending 
and unloading respectively. 
Results  
Young’s Modulus for the as-received condition. The observed Young’s Moduli in loading from 
the four steels using the bending test is shown in Figure 3.  The values are lower than those from a 
standard handbook, except for TRIP steel.  
 
 
Fig. 3: Averaged Young’s Modulus for loading as-received samples (without pre-strain in tension) 
for DP780, DP600, DC01 and TRIP700. 
 
Unloading Modulus. For each of the steels the initial loading modulus in bending was measured 
for the virgin materials and then the Unloading Modulus was observed for pre-strains of 0%, 1%, 7%, 
11% elongation.  The results are shown in Figure 4.  The TRIP700 steel shows the greatest drop in 
Unloading Modulus (~20%), the DC01 and DP780 steel have a 15% reduction in the Unloading 
Modulus, while the DP780 steel has a 11% reduction in the Unloading Modulus. 
 
 412 
 
 
a) b) 
 
c)  d) 
Fig. 4: Averaged Young’s and Unloading Moduli for bending and unloading for various pre-strain 
levels. a) DP780, b) DP600, c) DC01, d) TRIP 700.  The “L” column shows the Young’s Modulus for 
the virgin material in loading. 
 
Bending Yield Stress.The relative reduction at the highest level of pre-strain  in the bending yield 
stress was largest for the TRIP700 steel (72%), while the two DP steels, bending yield both dropped 
by ~65%, and the DC01 pre-strain saturated bending yield stress dropped by 40% (Figure 5a)-d)).  It 
is interesting to note that all of the reductions in bending yield stress converged to values under 
200MPa for all of the steels, including the TRIP steel. 
 
a) b) 
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c) d) 
Fig. 5: Averaged values for YP0.02% determined for various pre-strain levels a) DP780, b) DP600, c) 
DC01, d) TRIP700. 
 
Discussion 
 The authors believe that the bending test provides a method to extract material properties for 
modeling bending operations that is more appropriate than other material tests, because in bending 
the material is subject to both compression and tension across the thickness of the sheet.  The 
comparison of the Unloading Moduli from the literature [1, 9-13] (where a tensile test is used) versus 
those from the bending test procedure indicate that they provide different results.Note that the 
Unloading Modulus curve of the TRIP steel using the tensile test is flatter than the bending test, as 
this is opposite to the trend seen in the two Dual Phase steels. 
 
 
a) b)   
 
c) 
Fig. 6: Comparison of the Unloading Moduli for bending and unloading for various steels - a) DP780, 
b) DP600, c) TRIP700 - versus those found by the tensile test within the literature [1, 9-13]. 
 
 As noted previously, bending applies compression and tension across the thickness of the 
sheet.  Given Morestin and Boivin’s[3] finding of differences in changes between a compressive 
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unloading and a tensile unloading, it is not surprising that the reduction in the Unloading Modulus 
may be different between the bending test and the tensile test.  The question arises which test is more 
appropriate?  The commonly used tensile test may properly reflect material properties in stamping or 
deep drawing, as the strip will be under the influence of a high amount of sheet tension.  Thus, 
unloading may usually be from a tensile stress.  However, for low sheet tension operations, such as 
roll forming, the bending test procedure may provide more accurate Unloading Modulus results, as 
there will be both compressive and tensile unloading. 
Summary 
 Using the bending test, the Unloading Modulus decreases with increasing pre-strain to a 
steady value between 11% and 20% below the initial Modulus, depending on the steel type. 
 All the steels converged to a bending yield below 200MPa following pre-straining despite the 
different initial yield points. 
 The reduction in the Unloading Modulus was different in the bending test and in the tensile 
test.   
 It is suggested that the bending test procedure be used for modeling small strain effects such 
as shape defects in roll forming. 
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